This paper describes the mutagenesis of the pYV plasmid from Yersinia enterocolitica W22703 (serotype O:9) with Tn2507, a new element generating operon fusions. Analysis of the mutants allowed the identification of an additional Yop protein called Yop20 and the mapping of yop20, yop44, yop48, and lcrV, the gene encoding the V antigen. The last gene appeared to be part of an operon that also may contain yop37 and yop44. At 37 degrees C, mutants affected in this operon grew poorly, irrespective of the presence of Ca2+, or they even died in the presence of Ca2+. This operon is thus involved in the regulation by Ca2+, and we called it car, for Ca2+ regulation. It is presumably the Y. enterocolitica counterpart of the lcrGVH operon of Yersinia pestis. Transcription of yop20 and of the car operon was strongly regulated by temperature and only slightly by calcium. Hence, these genes behaved like the other genes of the yop regulon. Mutants affected in yop20 or in yop48 were markedly less vir... Yops (19; for reviews, see references 6 and 11).
The genus Yersinia contains three species which are pathogenic for humans. Yersinia pestis is the causative agent of plague. Yersinia pseudotuberculosis and Yersinia enterocolitica are responsible for gastrointestinal diseases with symptoms ranging from enteritis to mesenteric lymphadenitis sometimes complicated by septicemia.
Tissue invasion is believed to be the first step of the infection, and two genes, inv and ail, that facilitate invasion of the epithelial cells in vitro have been cloned from the chromosomes of Y. enterocolitica and Y. pseudotuberc ulosis (23, 29) . Later stages of the infection and, in particular, interaction with the host immune defenses (34) depend on bacterial functions encoded by a 70-kilobase plasmid called pYV (17) . Yersinia strains harboring this pYV plasmid are calcium dependent (phenotype CD) for growth at 37°C; at this temperature and in the absence of calcium, bacteria stop growing and secrete large amounts of plasmid-encoded proteins called Yops (19;  for reviews, see references 6 and 11) .
These Yops appear to be highly conserved in the three species. Most of them were shown to have similar molecular masses and to be immunologically related (3, 8, 20, 21, 36) . Sequence data show that gene yop5l from Y. enterocolitica, encoding a 50,882-dalton (Da) protein, is 99% homologous with yopH (encoding Yop2b), its counterpart from Y. pseudotuberculosis (5, 28a) . However, this very high homology does not extend outside the yop genes, suggesting that the pYV plasmids from the three species contain cassettes of very high homology interspersed by nonhomologous DNA.
Several yop genes have been mapped on pCD1 from Y. pestis KIM (38) , on pIBl from Y. pseudotuberculosis (15) , and on pYVe227 (14) or pYV8081 (3) from Y. enterocolitica. The localization of the genes appears to be similar in pCD1 and pIBl but different in pYVe227 and pYV8081. However, pYV plasmids are clearly derived from a common ancestor that suffered rearrangements within a quadrant, as shown by * Corresponding author. Electronic mail address: cornelis(l bucllnll.
the inverted locations of the replication and partition regions (2) .
yop genes are coordinately regulated by a 20-kilobase region of the plasmid called the calcium region or the Icr region. This region is highly conserved in the three species. It was shown to contain at least four loci called virA, virB, virC, and virF (13, 14) or IcrA, lcrB, lcrC, and IcrF (18) . The IcrA locus was shown later to contain two new loci called IcrD and IcrE (41) . The yop genes constitute a temperaturecontrolled regulon activated by a regulatory gene called lcrF (40) or virF (14) . The product of virF was recently shown to be a 30,879-Da transcriptional activator (12) related to AraC, the activator of the arabinose operon (39) and to Rns, the activator of the Cs pili genes (7a). Although temperature seems to play the major role in transcription control, Ca2+ was also shown to be involved in the regulation of yop genes (5, 16, 40, 41) .
Some of the Yops were shown to be essential virulence determinants (5, 16, 34, 37, 38) . In particular, Yop2b from Y. pseudotuberculosis appeared to be involved in the inhibition of phagocytosis by mouse macrophages (34 (30) . Plasmid pJM703.1 contains the origin of transfer of RK2, and it can thus be mobilized from its host strain SM10(X pir+), which contains a copy of RP4 integrated in its chromosome. The recombinant plasmid pJM703.1::Tn2507 was called pBM1.
The plasmid supplying tnpA (22) was pTM67. This replication thermosensitive derivative of pSC101 was constructed from pMBLG2 (28) by deletion of an SstII restriction fragment. Besides tnpA, this plasmid contains two termini of Tn3-in head-to-tail orientation-which render it immune to Tn2507 transposition (26) . After the transpositional event had occurred, this ancillary plasmid was cured by subculture of the transposants.
Transposition mutagenesis. Transposition of Tn2507 onto pYVe227 occurred after E. coli SM10(X pir+) (pBM1) was mated with the Nalr Y. enterocolitica strain W22703 (pYVe227) (pTM67). Transposants were selected on TSA plates containing kanamycin and nalidixic acid (Fig. 1A) . Two types of event could give rise to Kmr recombinants in this system: (i) transposition of Tn2507 and (ii) homologous recombination between pTM67 and pBM1 because both plasmids contain homologous DNA. The latter event could be identified by the ampicillin-resistant phenotype of the recombinants. About 90% of the recombinants were Aps, indicating that transposition occurred rather than homologous recombination. Like its parent transposon Tn2505 (28) , Tn2507 transposes at a higher frequency (104-fold) onto plasmids than onto the chromosome. The transposants were thus assumed to contain plasmid insertions.
Induction of the yop regulon, analysis of the Yops, and CAT mid of W227, is a typical representative of the pYV plasmids from serotype 0:9 Y. enterocolitica strains (2, 25) . Y. pseudotuberculosis YPIII(pIBl) was a gift of H. Wolf-Watz.
Escherichia coli S17.1 (35) was used to mobilize pTM67 into Y. enterocolitica W22703. Strain SM10(X pir+) of E. coli, constructed by Miller and Mekalanos (30) , allows the replication of pir mutants of R6K and also mobilizes plasmids containing the origin of transfer of RK2 (35) .
Liquid cultures of Yersinia spp. were grown on brain heart infusion medium (BHI) supplemented with 0.4% glucose and either 20 mM sodium oxalate-20 mM MgCl2 (BHI-OX) or 5 mM CaCl2 . Solid cultures were grown on tryptic soy agar (TSA), sometimes supplemented with 20 mM MgCl2 and 20 mM sodium oxalate (MOX). Media were supplemented with relevant selective agents (ampicillin, 100 p.g ml-'; chloramphenicol, 20 pug ml-'; kanamycin, 50 ,ug ml-'; nalidixic acid, 35 ,ug ml-'; and tetracycline, 10 jig ml-').
Construction of transposon Tn2507. We constructed Tn2507 by cloning the chloramphenicol acetyltransferase (CAT) gene (cat) lacking its promoter (9) ; . assays. Induction of the yop regulon, analysis of the Yops, and CAT assays were done as previously described (12, 14) .
RNA extraction and Northern blots. RNA extraction and Northern (RNA) blots were done as described previously (28a) .
Infection of mice. Specific-pathogen-free ICR female Swiss mice (Charles River Breeding Laboratories, Saint-Aubinles-Elbeuf, France), 6 weeks old, were given intraperitoneally 0.5 ml of saline (0.15 M NaCI) containing 20 mg ml-1 desferrioxamine (Desferal; CIBA-GEIGY). Twenty-four hours later, mice were inoculated intravenously (i.v.) with 0.5 ml of a Y. enterocolitica suspension in saline. For challenges, bacteria were prepared from overnight cultures at room temperature in tryptocasein-soy broth, washed once, and then suspended in saline. Infected animals (groups of 10 mice) were observed for 3 weeks, and the 50% lethal dose (LD_,,) was determined by the probit method. Growth of bacteria in the spleens and livers of animals was monitored in relation to time after the i.v. injection. Groups of four mice were sacrificed by chloroform anesthesia, and the organs were removed aseptically and homogenized separately in saline; 0.1-ml volumes of serial 10-fold dilutions in saline were spread on TSA, and colonies were counted after incubation for 48 h at room temperature. Minimal detectable limits were 102 bacteria organ-'. Results were expressed as the log1( of bacterial counts. (30) . The strategy of transposition is detailed in Materials and Methods and outlined in Fig. 1A .
A total of 1,920 transposants were screened by replica plating for calcium dependency and chloramphenicol resistance under conditions of variable temperature and calcium concentration. Seventy-eight mutants were calcium independent and were assumed to carry Tn2507 in the calcium region. The growth of 19 mutants was restricted at 37°C, even in the presence of Ca2 . We call these mutants Gts mutants (growth thermosensitive). This phenotype was encountered earlier (1, 13). Forty-three mutants were calcium dependent and resistant at 37°C to 40 Rg of chloramphenicol ml-' but sensitive to this concentration at 28°C. We assumed that, in these mutants, Tn2507 was inserted into a thermoactivated gene.
The lcrVyop44yop37 operon. With respect to Yop production, the 19 Gts mutants fell into three categories ( Fig. 2A) . (i) The first category contains seven mutants that failed to express only Yop37 (pBM164, pBM172, pBM175, pBM177 [ Fig. 2A] , pBM178, pBM179, and pBM180). Three of them (pBM164, pBM177, and pBM179) secreted truncated proteins with molecular masses of 12, 15, and 24 kDa, respectively. (ii) The second category contains eight of the Gts mutants that produced neither Yop37 nor Yop44 (pBM162, pBM163, pBM165, pBM168 [ Fig. 2A] , pBM169, pBM173, pBM174 [ Fig. 2A] , and pBM176). (iii) The third category contains the remaining four Gts mutants (pBM79 [ Fig. 2A] , pBM167, pBM170, and pBM171) that failed to produce Yop37, Yop44, and Yop4l.
Protein Yop4l was found to react in immunoblot experiments with a specific anti-V serum (Fig. 2B) . Moreover, Yop4l appeared to be present in the cytoplasmic fractions of induced cells, as well as in the supernatant of the cultures (data not shown). Hence, we inferred that Yop4l is the V antigen, encoded by lcrV.
The existence of these three categories of mutants suggested that lcrV, yop44, and vop37 could be part of a single operon. The insertion points of Tn2507 in 10 Gts mutants were mapped by BamHI, EcoRI, and SstII restriction analysis. As expected from the previous mapping of yop37 (also called yopD) (13) , all the mutations were clustered on BainHI fragment 2 (called B2). All the mutants expressing cat carried Tn2507 in the same orientation. As shown in Fig.  3A , the order of the insertion points, as well as the direction of transcription of the genes, supported the hypothesis of a single operon transcribed from IcrV to yop37.
To confirm that all three Yops are produced from a single messenger, RNA from induced cultures of strains carrying pBM79, pBM174, pBM168, and pBM177 was extracted and analyzed by Northern blot hybridization using the calt gene of Tn2507 as a probe. As shown in Fig. 4 inverted orientation with respect to the operon transcription direction. This confirmed that the probe specifically hybridized to cat mRNA synthesized from the external promoter. Regulation of transcription throughout the operon was analyzed by monitoring the CAT activity of mutants carrying Tn2507 in the three loci. Strains with pBM164, pBM168, and pBM170 carrying Tn2507 inserted in inverted orientation with respect to the operon exhibited a very weak or undetectable activity. Strains carrying either pBM79, pBM174, or pBM177 exhibited a very clear CAT activity at 37°C but not at 25°C. Ca2 t seemed to have a two-to fourfold effect on the transcription at 37°C of pBM177 and pBM174 but no effect on the transcription of pBM79 (Fig. 5 ). This result must be interpreted with care, because Ca 2 appeared to be toxic for the former mutants but not for the latter one (see below).
Despite the high level of transcription of these genes at 37°C in the presence of calcium, no Yops were detected in the supernatant of the induced cultures by the Coomassie blue-staining sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis (data not shown). The Ca-2 control of the release of the Yops is thus unaffected in these mutants. fragment B2 and EcoRI fragment E4 (Fig. 3A and 3B ). All three mutants expressed cat in a thermodependent manner (Fig. 5 gives the values for pBM7). The orientation of Tn2507 in these mutants indicated that yop2O is in the same orientation as the IcrV yop44 yop37 operon. The comparison of the profiles of the Yop proteins released by Y. enterocolitica W22703 and Y. pseudotuberciulosis YPIII showed that Y. pseudotuberculosis produced a protein giving a band with the same diffuse appearance as Yop2O but of slightly lower molecular weight (Fig. 7A) .
Mutants pBM15 and pBM21 affected in yop48 released truncated peptides of 28 and 46 kDa, respectively, indicating that insertions occurred in the structural gene (Fig. 7B) . The relative positions of Tn2507 in these two mutants allowed deduction of the orientation and accurate localization of the gene. According to these results, yop48 maps in fragment B2, between yop2O and the lcrV yop44 yop37 operon, but in the opposite orientation (Fig. 3A and 3B) . In both mutants, the cat gene was weakly expressed in spite of the fact that it was not inserted in the same orientation as yop48 (Fig. 5) . (3, 4) . Yop37 is also highly conserved, and its counterparts are Yop4a (34 kDa) in Y. pseudotuberculosis YPIII (4) and YopD (34.4 kDa) in Y. pestis KIM (38) .
The V antigen that we identified here as a released protein of 41 (33) . This treatment apparently does not alter the immune defenses in the mouse, since strain W22703 cured of the pYV plasmid was still avirulent (LD5,o >108 bacteria per mouse). Although it does not reproduce the natural infection, the desferrioxamine-treated mouse model allows the study of plasmid-mediated factors involved in the virulence of Y. enltelv('oliti'a serotype 0:9. Y. enterocolitica strains affected in op48 or in yop20 clearly had an attenuated virulence for the mouse. Reduction in virulence was also observed for other yop mutants in Y. enterocolitica (37) as well as in Y. pseudotuberc(ulosis (5, 16) and Y. pestis (32, 38) . However, very little is known, so far, about their individual roles, although Yop2b from Y. pseutdotubercil1osis (corresponding to Yop5l from Y. enterocolitica) was shown to be involved in the resistance to phagocytosis by macrophages (34) . The analysis of mutants like those described in this paper will certainly help to make clear the individual roles of these important virulence factors.
